NF-κB has opposing roles in the pathogenesis of mucocutaneous ulceration (Atreya et al., 2008) . NF-κB activation in mucosal macrophages results in increased secretion of proinflammatory cytokines, such as IL-6 (Neurath et al., 1996; Wang et al., 2003) . In contrast, epithelial cell-specific, conditional ablation of NEMO or IKK-β, both of which are essential for NF-κB activation, results in increased intestinal inflammation (Nenci et al., 2007; Zaph et al., 2007) . Although NF-κB is critical for cell survival, the contribution of defective RelA-mediated cellular homeostasis to human disease is unknown.
We report human RelA haploinsufficiency as the cause of an autosomal-dominant, mucocutaneous disease with impaired NF-κB activation. We identify TNF as a major driver of epithelial and stromal cell apoptosis in RelA haploinsufficiency. Our results provide the first evidence for an essential contribution of biallelic RELA expression to human mucosal integrity and elucidate mechanisms driving the favorable response to TNF inhibition in patients with recurrent mucocutaneous ulcers.
results and dIscussIon Identification of a heterozygous mutation in rela resulting in rela haploinsufficiency
The proband (P1) presented at 3 yr of age with intermittent episodes of abdominal pain, vomiting, fever, leukocytosis, the treatment of chronic mucocutaneous ulceration is challenging, and only some patients respond selectively to inhibitors of tumor necrosis factor-α (tnF). tnF activates opposing pathways leading to caspase-8-mediated apoptosis as well as nuclear factor κB (nF-κB)-dependent cell survival. We investigated the etiology of autosomal-dominant, mucocutaneous ulceration in a family whose proband was dependent on anti-tnF therapy for sustained remission. a heterozygous mutation in rela, encoding the nF-κB subunit rela, segregated with the disease phenotype and resulted in rela haploinsufficiency. the patients' fibroblasts exhibited increased apoptosis in response to tnF, impaired nF-κB activation, and defective expression of nF-κBdependent antiapoptotic genes. rela +/− mice have similarly impaired nF-κB activation, develop cutaneous ulceration from tnF exposure, and exhibit severe dextran sodium sulfate-induced colitis, ameliorated by tnF inhibition. these findings demonstrate an essential contribution of biallelic rela expression in protecting stromal cells from tnF-mediated cell death, thus delineating the mechanisms driving the effectiveness of tnF inhibition in this disease.
Human RELA haploinsufficiency results in autosomal-dominant chronic mucocutaneous ulceration and elevated inflammatory markers, without evidence of infection or autoantibodies (Table S1 ). Biopsy revealed severe, acute ileitis, which was absent during periods of spontaneous disease remission. The patient had a history of oral ulcers but no other symptoms. Testing for inflammatory bowel disease markers with an IBD sgi diagnostic test (Prometheus Laboratories) was negative. Her serum TNF levels were <15 pg/ml (normal <22 pg/ml). Her disease did not respond to mesalamine, azathioprine, colchicine, or the IL-1 receptor antagonist anakinra. Daily prednisone was required for symptomatic relief. At the age of 5 yr, she was treated with the TNF inhibitors infliximab (Janssen Immunology) and methotrexate, resulting in remission without prednisone. In the 2 yr after starting treatment, her disease flared only when she gained weight resulting in an infliximab dose <5 mg/kg. She had no history of recurrent infections and had a normal immunologic evaluation (Table S1 ). Her mother and siblings had mucocutaneous lesions ( Fig. 1 A) . Her mother's disease was refractory to colchicine and azathioprine but responded to prednisone; she declined treatment with infliximab. The proband's parents declined in-depth testing and treatment of the proband's siblings. The proband's father and grandparents have no mucocutaneous lesions or recurrent gastrointestinal symptoms.
The family history suggested an autosomal-dominant disease. Whole-exome sequencing (WES) of the unaffected father and patients P1-P4 revealed seven rare heterozygous variants shared by the patients and absent in the healthy father (Table S2 ). Of these, only RELA is known to be important for counteracting TNF toxicity (Beg et al., 1995; Alcamo et al., 2001) , a hallmark of the proband's disease. Neither the Exome Aggregation Consortium nor 1000 Genomes databases contain loss-of-function variants for RELA, a gene that is known to be under strong, purifying selection (Lek et al., 2016) . The RELA mutation alters the canonical donor splice site downstream of exon 6 (NM_021975: c.559+1G>A; Fig. 1 , B and C). Sanger sequencing of the patients' cDNA identified a minor, alternatively spliced RELA mRNA product containing a premature stop codon and a 50% reduction in WT RELA mRNA expression ( Fig. 1 , D and E). Immunoblotting using an antibody specific to the N terminus of RelA showed a 50% decrease in WT RelA protein expression in the patients compared with controls without detectable truncated products ( Fig. 1 F) . These data indicate that the mutation results in RelA haploinsufficiency. Impaired nF-κB activation and impaired stromal cell survival in rela haploinsufficiency TNF activates divergent pathways leading to caspase-mediated apoptosis as well as NF-κB-activated survival, a balance that determines the extent of TNF-induced cell death. Compared with controls, the patients' fibroblasts exhibited significantly more TNF-induced cell death and caspase-8 cleavage, with significantly less NF-κB activation and secretion of the NF-κB-regulated cytokine IL-6 ( Fig. 2 , A-D). PBMCs from the patients, but not from the healthy father, also had significantly impaired IL-6 secretion after TNF stimulation (Fig. 2 E and not depicted) . In contrast, LPS-mediated IL-10 secretion, which is independent of RelA (Cao et al., 2006) , from the patients' PBMCs was normal ( Fig. 2 F) , thus indicating the specificity of the patients' defect to the NF-κB pathway. These findings contrast with the increased NF-κB activation and IL-6 secretion characteristics of NF-κBdriven autoinflammatory disorders (Damgaard et al., 2016; Zhou et al., 2016a,b) . The patients' lymphocytes did not undergo increased apoptosis after TNF exposure ( Fig. 2 G) , consistent with their normal lymphocyte counts. RelA haploinsufficiency, therefore, results in increased stromal cell apoptosis in response to TNF but permits sufficient NF-κB activation for the maintenance of intact lymphocyte numbers and host immunity.
To investigate the molecular mechanisms driving the patients' defective stromal survival, we analyzed gene expression in patient and control fibroblasts, with and without TNF stimulation. TNF-treated patient fibroblasts had decreased expression of TNF-induced protein 3 (TNF AIP3), TNF receptor-associated factor 1 (TRAF1), Bcl-2-related protein A1 (BCL2A1), and baculoviral IAP repeat-containing protein 3 (BIRC3; Fig. 3 A) . Transcriptome analysis of TNF-treated fibroblasts identified 120 genes with a >1.5-fold up-or down-regulation in the patients, relative to three controls ( Fig. 3 B) . Most transcripts encoding NF-κB-dependent antiapoptotic proteins and cytokines were decreased in patient cells ( Fig. 3 C) . To validate the association between RelA haploinsufficiency and the impaired up-regulation of key NF-κB-regulated genes, we transiently nucleofected WT RELA into the patient fibroblasts. The expression of WT RelA in the patient fibroblasts restored the expression of BCL2A1 and IL-6 in response to NF-κB-activating stimuli ( Fig. 3 , D-G). Collectively, these data indicate that RelA haploinsufficiency results in impaired up-regulation of NF-κB antiapoptotic genes, thus providing a mechanistic rationale for the cell death induced in patient fibroblasts by in vitro TNF exposure.
the essential role of rela in the maintenance of an intact epithelial-stromal cell barrier
We next used Rela +/− mice to demonstrate the in vivo contribution of RelA haploinsufficiency to TNF-driven mucocutaneous ulceration. Rela +/− mice, which develop normally, have a ∼50% reduction in RelA expression compared with littermate controls (Fig. 4 A) . TNF stimulation of Rela +/− splenocytes resulted in significantly impaired up-regulation of Il6, Tnfaip3, and Traf1; all which depend on NF-κB activation ( Fig. 4 B) . A low-dose, s.c. TNF injection had no effect on WT mice but resulted in cutaneous ulceration in Rela +/− mice, which was notable for epidermal skin loss and a predominance of neutrophils and macrophages in the dermis and hypodermis (Fig. 4 C and Table S3 ), consistent with the known role of TNF in the recruitment of neutrophils and macrophages to inflammatory lesions (Tsitsikov et al., 2001) . (C) Schematic of WT and mutant RELA cDNA splicing (dotted blue lines) with the patients' mutation (asterisk), interval nucleotides and aa (arrowheads), introns (red line). Alternative splicing of a cryptic splice site within exon 6 to the canonical acceptor splice site before exon 7 deletes 73 nucleotides at the 3′ of exon 6 and introduces a premature stop codon at residue 174. (D, left) RT-PCR, performed with saturating mRNA concentrations, identifies the alternatively spliced transcript (Mut RELA) in patient 1 (P1), but not in the control (Right) WT RELA transcript detected with RT-PCR under nonsaturating mRNA concentrations. Similar results were obtained in P2. Data are from one representative experiment of three independently performed. (E) WT RELA mRNA in P1 and P2 and three controls determined by qPCR using a primer complementary to the nucleotides in exon 6, specific to the WT RELA transcript. Gene expression was normalized to GAP DH. (F) Immunoblot of fibroblast lysates from controls (C1-C3) and patients (P1 and P2) using an N-terminal specific antibody against RelA, with densitometric quantification of RelA relative to β-actin. Data from E and F are pooled from three independent experiments. Columns and bars represent experiment means ± SEM. ***, P < 0.001, Student's t test.
To distinguish between the contribution of stromal and hematopoietic cells to the development of mucocutaneous ulceration in RelA haploinsufficiency, we created chimeras by transplanting WT bone marrow into irradiated Rela +/− recipients (WT→Rela +/− ) and Rela +/− bone marrow into WT recipients (Rela +/− →WT). A s.c. TNF injection caused cutaneous ulceration in WT→Rela +/− , but not Rela +/− →WT chimeras ( Fig. 4 C) . Therefore, the mucosal ulceration seen in RelA haploinsufficiency results from a epithelial and stromal cell-intrinsic defect in cell survival.
Because the proband's ileitis responded to TNF inhibition, we assessed the contribution of TNF to gastrointestinal inflammation in Rela +/− mice. Dextran sulfate sodium (DSS)-induced colitis is a widely used model of inflammatory bowel disease, characterized by TNF release in response to mucosal injury and activation by the gastrointestinal microbiota (Alex et al., 2009; Lopetuso et al., 2013) . Compared with littermate controls, Rela +/− mice developed a twofold greater weight loss and significantly worse disease activity index (DAI) requiring euthanasia (Fig. 5, A and B ). Rela +/− Figure 2 . rela haploinsufficiency is associated with impaired nF-κB signaling and increased sensitivity to tnF. (A) Cell death, determined by annexin-V and/or fixable viability-dye staining, after fibroblasts from three controls (C) and patients 1 and 2 (Pts) were treated with TNF for 24 h. (B) Percentage of cleaved caspase8 + cells among the annexin-V + population after fibroblasts from three controls and patients 1 and 2 were treated with TNF for 24 h. (C) Relative NF-κB luciferase activity in fibroblasts from three controls and patients 1 and 2 after treatment with TNF. (D) IL-6 secretion from fibroblasts and (E) PBMCs from three controls and patients 1 and 2 in response to stimulation with Pam3CSK4 (TLR1/2 agonist), LPS (TLR4 agonist), flagellin (FLA, TLR5 agonist), CL075 (TLR7/8 agonist), TNF, or IL-1β. (F) IL-10 secretion after LPS stimulation of PBMCs from patients 1 and 2 and five controls. (G) Cell death in TNF-treated PBMCs from three controls and Patients 1 and 2. All data are pooled from 3 independent experiments. Columns and bars represent means ± SEM, n.s., not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; Student's t test. , 2000) . DSS-treated Rela +/− mice colons had severe ulceration, widespread loss of crypt architecture, and a moderate inflammatory infiltrate; control mice showed mild crypt dropout, sparse inflammation, and less-contiguous ulceration ( Fig. 5 D) . No differences were seen between vehicle-treated Rela +/− and WT mice. Treatment of Rela +/− mice with the TNF inhibitor infliximab led to significantly improved weight gain ( Fig. 5 A) , paralleling the proband's clinical response to infliximab. Collectively, these data indicate that RelA haploinsufficiency leads to a biologically signif-icant impairment in stromal and epithelial cell recovery in response to mucosal injury. The patients' ulcerations occurred specifically in oral, gastrointestinal, and vaginal mucosae rich in microbiota, which may have served as inflammatory stimuli inducing TNF release, which, in turn, induces fevers and elevated inflammatory markers, mucosal injury, and finally, impaired epithelial recovery.
Our study identifies a central role for impaired NF-κB activity in the pathogenesis of mucocutaneous disease. We show that RelA haploinsufficiency results in impaired NF-κB activation downstream of TLR and TNF stimulation, followed by impaired up-regulation of antiapoptotic IL6 in GFP + fibroblasts from two controls and two patients after nucleofection with a vector encoding GFP or GFP-RELA and stimulated as indicated. Gene expression data in A and D-G were normalized to β-glucuronidase, expressed as the fold increase relative to unstimulated cells and were pooled from at least two independent experiments. Columns and bars represent means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant. genes and increased stromal cell apoptosis. Rela +/− mice and WT→Rela +/− bone marrow chimeras demonstrated cutaneous ulceration in response to TNF. Rela +/− mice developed severe DSS-induced colitis ameliorated by infliximab, thus recapitulating a key feature of the human disease.
RelA haploinsufficiency provides a counterpoint to autoinflammatory diseases characterized by increased inflammatory cytokine signaling. Defects in the genes encoding the NF-κB regulatory proteins A20 and Otulin result in NF-κB overactivation and multisystemic autoinflammation characterized by oral ulcers, arthritis, uveitis, and/or vasculitis (Damgaard et al., 2016; Zhou et al., 2016a,b) . Mutations in TNF RSF1A, impairing TNF receptor 1 down-regulation, result in a periodic fever syndrome characterized by painful rashes, abdominal pain, arthritis, myalgias, rashes, and orbital edema (McDermott et al., 1999; Ciccarelli et al., 2014) . In contrast, RelA haploinsufficiency is associated with isolated mucocutaneous ulceration. Our study highlights mucocutaneous ulceration as a manifestation of not only autoinflammation but also defective stromal and epithelial cell survival and impaired RelA function.
Classically, human defects in NF-κB activation, such as mutations in IKB KG, NFK BIA, and IKB KA, are associated with primary immunodeficiency because of the role of NF-κB in lymphocyte activation (Boisson et al., 2012 (Boisson et al., , 2015 Pannicke et al., 2013; Zhang et al., 2017) , as well as ectodermal dysplasia, lymphedema, or osteopetrosis because of its role in the development of ectodermal structures, lymphatic vessels, and osteoclasts, respectively. Mucocutaneous ulceration is not a universal finding of impaired NF-κB activation, because it was not found in the 21 reported patients with mutations in NFKB1 (Rieux-Laucat and Casanova, 2014; Fliegauf et al., 2015; Boztug et al., 2016; Zhang et al., 2017) . The two generations of RelA patients have no evidence of primary immunodeficiency, which mirrors the intact lymphocyte function seen in Rela +/− mice (Erdman et al., 2001) , thus providing the first evidence that stromal and epithelial cells, unlike lymphocytes, have a biallelic requirement for Rela for the maintenance of normal cell function. Collectively, these data support a new paradigm that NF-κB functions as a rheostat governing mucosal integrity through distinct mechanisms: decreased NF-κB signaling results in decreased expression of antiapoptotic proteins important for mucosal cell recovery, whereas overactive NF-κB-mediated signaling generates a proinflammatory state. Currently, there are no biomarkers for predicting the clinical response to TNF inhibition. Assessment of NF-κB activation downstream of TLR stimulation is readily available in clinical laboratories. Future studies are needed to determine whether decreased NF-κB activation can function as a biomarker for susceptibility to TNF toxicity in patients with chronic mucocutaneous ulcers.
MaterIals and Methods study oversight
The study was approved by the Boston Children's Hospital institutional review board. Written, informed consent was obtained from the patients' parents. Animal studies were approved by the Institutional Animal Care and Use Committee at Boston Children's Hospital.
Wes
Ten micrograms of genomic DNA were isolated from peripheral blood samples using the Gentra Puregene blood kit (QIA GEN), as per kit protocol. WES of patients 1, 2, 3, and 4 and the unaffected father was performed with an Illumina HiSeq-2000. The paired-end Illumina libraries were captured in solution according to the Agilent Technologies SureSelect protocol with 101-bp read length. The sequence data were mapped to the human reference genome (hg-19, NCBI37) using the Burrows-Wheeler Alignment method at default settings. The percentage of mapped reads was ∼99%, and mean coverage of the target regions was ∼197 times. Variants were identified with the Genome Analysis Toolkit, SAMtools, and Picard Tools (http ://broadinstitute .github .io /picard /). Variants with a read coverage <2 times or Phred-scaled, single-nucleotide polymorphism quality <20 were discarded. sanger sequencing Sanger sequencing was used to validate the donor splice-site variant in intron 6 of the RELA gene identified by WES in the affected family members. This was done by designing two sets of specific primers in intron 5, exon 5, and intron 6 of the RELA gene (F1: 5′-GTA CTC TCC CAC TTT ACC ACTG-3′, F2: 5′-GAC TAC GAC CTG AAT GCT GTG-3′, R1: 5′-TCC TAG AGT CAT TAT CGC AGT-3′, R2: 5′-AGT AGA CAA ATA CGC AAG ATG-3′). cell culture Skin biopsies to generate fibroblast cell lines were collected from patients. Fibroblasts were maintained in DMEM, supplemented with 10% FBS, 50,000 U penicillin, 50,000 µg streptomycin, 10 µM HEP ES, and 2 mM glutamine. PBMCs were isolated using Ficoll gradient centrifugation (GE Healthcare) and were then cultured in RPMI-1640 medium1 supplemented with 10% FBS, 50,000 U penicillin, 50,000 µg streptomycin, 10 µM HEP ES, and 2 mM glutamine. cell stimulations and elI sa Cells were stimulated with the described amount of the following cytokines and agonists: TNFs (R&D Systems), IL-1β (Gemini Bio-Products), Pam 3 CSK 4 (InvivoGen), LPS (Invivo-Gen), flagellin (InvivoGen), and CL075 (InvivoGen). PBMCs were purified by Ficoll gradient centrifugation and were seeded at a density of 4 × 10 5 cell/well on a 96-well plate. Cells were then stimulated for 24 h with Pam 3 CSK 4 (100 ng/ ml), LPS (100 ng/ml), flagellin (1 µg/ml), and CL075 (2.5 µg/ml) in a total of 200 µm. Fibroblasts were seeded at a density of 10 4 cell/well on a 96-well plate and were then stimulated for 24 h with Pam 3 CSK 4 (1 μg/ml), TNF-α (20 ng/ ml), LPS (1 µg/ml), and IL-1β (10 ng/ml). Supernatants were collected and stored at −80°C for future analysis or were immediately analyzed for IL-6 secretion using the human IL-6 ELI SA Ready-SET-Go! kit (88-7064-77; eBioscience) and IL-10 secretion using the human IL-10 ELI SA MAX Deluxe kit (430604; BioLegend). luciferase assay Fibroblasts from two patients and three controls were seeded at a density of 10 4 cell/well on a 96-well plate. Cells were transduced with the Cignal Lenti NF-κB firefly luciferase reporter (expressing the firefly luciferase gene under the control of a minimal CMV promoter and tandem repeats of the NF-κB transcriptional response element [QIA GEN]) and Renilla luciferase lentivirus at a multiplicity of inflection of 10 and 5, respectively. Cells were spun at 800 g for 1 h and were incubated at 37°C for 24 h. Medium containing the lentivirus was then removed, and fresh medium was added; 72 h after transduction, cells were treated with TNF (0.1 ng/ml) for 24 h, and luciferase activity was assessed using the Dual-Luciferase Reporter assay system (Promega), per kit protocol.
Immunoblot analysis
Cultured skin fibroblasts were homogenized in radioimmunoprecipitation assay buffer (Thermo Fisher Scientific). Proteins were separated by electrophoresis on 4-15% precast polyacrylamide gels (Bio-Rad Laboratories) and were transferred to 0.45 μm nitrocellulose membrane (Bio-Rad Laboratories). Membranes were blocked in a 1X solution of Tris-buffered saline/Tween 20 (TBST) with 5% (wt/vol) nonfat dry milk for 1 h at room temperature and then incubated overnight at 4°C with purified rabbit mAb against RelA (C22b4; Cell Signaling Technology) and diluted 1:1,000 in 1X TBST with 5% milk. As a loading control, membranes were reprobed with a purified mouse mAb against β-actin (ab3280; Abcam) and diluted 1:3,000 in 1X TBST with 5% milk. Antigen-antibody complexes were visualized with anti-rabbit or anti-mouse antibodies, respectively (GE Healthcare). Quantification of the signal intensities of RelA and β-actin bands was done using the ImageJ analyzer software (version 1.48).
rna sequencing and transcriptome analysis
Human dermal fibroblasts from P1 and P2, as well as from three healthy controls, were treated with TNF for 24 h. RNA was prepared using RNeasy Mini kit (QIA GEN) with DNase treatment (QIA GEN). Samples were sent to the Dana Farber Cancer Institute's Molecular Biology core facility for library preparation and sequencing. Technical duplicates with a minimum RNA integrity number score of seven were processed. cDNA was synthesized using Takara Bio Inc. SmartSeq version 4 reagents from 1 ng of RNA and fragmented to a mean size of 150 bp with a Covaris M220 ultrasonicator. Illumina standard mRNA libraries were prepared from cDNA using Rubicon Genomics ThruPLEX DNA-seq reagents, according to manufacturer's protocol. The finished double-stranded DNA libraries were quantified and sequenced on a single Illumina NextSeq 500 run with single-end 75-bp reads. Sequenced reads were aligned to the University of California, Santa Cruz, hg9 reference genome assembly, gene counts were quantified using STAR (version 2.5.1b), and differential expression testing was performed with DESeq2 (version 1.10.1) as part of the VIP ER analysis pipeline (https ://bitbucket .org /cfce /viper /). Normalized read counts per kilobase were calculated using cufflinks (version 2.2.1). The normalized read counts per kilobase values were log 2 -transformed, and samples were normalized with respect to the median intensity for control samples. Data described in this article have been submitted to the National Center for Biotechnology Information's Gene Expression Omnibus under accession no. GSE98624.
Gene expression analysis
After treating fibroblasts from two patients and three controls with TNF receptor (20 ng/ml), mRNA was extracted using RNeasy Mini kit (QIA GEN) and was reverse-transcribed with the iScript cDNA synthesis kit (Bio-Rad Laboratories). The expression of the mediators TNF AIP3 (Hs00234713_m1), TRAF1 (Hs01090170_m1), BCL2A1 (Hs00187845_m1), BIRC3 (Hs00985031_g1), and Il6 (Hs00174131_m1) were measured using quantitative PCR (qPCR) in a TaqMan Gene Expression assay (Applied Biosystems). The expression of these genes was analyzed using the 2 -ΔΔCT method in comparison to the housekeeping gene GUSB (Hs00939627_m1). RT-PCR (QIA GEN OneStep RT-PCR kit) was used to assess RELA expression in mRNA isolated from unstimulated fibroblasts from controls and patients. A forward primer in exon 5 (5′-GAA CCT GGG AAT CCA GTG TGTG-3′) and a reverse primer spanning exons 7 and 8 (5′-TGA AAT ACA CCT CAA TGT CCT CTT TC-3′) were used to identify alternatively spliced products; 18S was used as an internal control and was amplified using the for-ward primer (5′-CGG CTA CCA CAT CCA AGG AA-3′) and the reverse primer (5′-GCT GGA ATT ACC GCG GCT-3′). To assess the expression of the WT allele of RELA, Power SYBR Green Master Mix (Thermo Fisher Scientific) was used as a forward primer designed in the 3′ end of exon 6 (5′-TCT CAT CCC ATC TTT GAC AATC-3′) and a reverse primer spanning exons 7 and 8 (5′-TGA AAT ACA CCT CAA TGT CCT CTT TC-3′). The expression was normalized to the housekeeping gene GAP DH using the forward (5′-GAT CAT CAG CAA TGC CTC CTG-3′) and reverse primers (5′-TGC TTC ACC ACC TTC TTG AT-3′).
Facs for cell viability and cleaved caspase 8 activity
Fibroblasts were seeded at 10 5 and were treated with TNF (20 ng/ml) for 24 h. Cells were harvested and stained with annexin-V (640920; BioLegend) and propidium iodide (421301; BioLegend) for cell viability studies. To assess cleaved caspase-8 activation, after stimulation with TNF for 24 h, cells were incubated for 1 h with fluorescein isothiocyanate-conjugated IETD-FMK (88700542; eBioscience), a specific inhibitor of active caspase-8. The reagent used is cell permeable, nontoxic, and irreversibly binds to the active enzyme. The cells were also stained with annexin-V and propidium iodide. The data were analyzed with FlowJo (version 10.1; Tree Star).
reconstitution experiments
Fibroblasts from patients 1 and 2 and from two healthy controls were nucleofected with the vectors, per kit protocol (Amaxa human dermal fibroblast nucleofector kit; Lonza). Cells were either transfected with a vector encoding GFP (EX-NEG-M61; GeneCopoeia) or a vector encoding RELA and GFP under an internal ribosomal entry site (EX-Z4808-M61; GeneCopoeia); 48 h after transfection, cells were treated with TNF (20 ng/ml), LPS (1 µg/ml), or complete medium, and 24 h later, cells were sorted for GFP positivity. RNA was isolated, cDNA was synthesized, and qPCR was performed as described in gene expression analysis.
Generation of rela +/− mice
Mice homozygous for Rela fl , possessing loxP sites flanking exon 1 of the Rela gene, were obtained from The Jackson Laboratory (B6.129S1-Rela tm1Ukl /J). These mice were bred against WT mice to generate Rela f/+ mice. When these Rela f/+ mice were bred against mice possessing the cre recombinase gene under the transcriptional control of the cytomegalovirus minimal promoter (B6.C-Tg[CMV-cre]1Cgn/J; The Jackson Laboratory), the resulting progeny was born in normal mendelian ratios, and the mice were either Rela +/+ or Rela +/− . PBMCs obtained through retro-orbital vein bleeding were screened for GFP positivity to determine the mouse genotype. Mice that have undergone successful deletion of exon 1 were GFP +ve , whereas mice that are WT were GFP -ve . Because the loss of two copies of Rela results in embryonic lethality (Beg et al., 1995) , any mouse that is GFP +ve is necessarily heterozygous. The genotype of the mice was further validated by immunoblotting for RelA in splenocytes of the mice using the purified rabbit mAb against RelA (C22b4; Cell Signaling Technology). Rela +/− mice had a normal life span and did not exhibit any visible abnormalities.
Generation of chimeras
Bone marrow was isolated from Rela +/− and WT mice. RBCs were lysed, and 10 million bone marrow cells were injected i.v. into the corresponding mice. Recipient mice were irradiated with 1,100 cGy for 6 h before injection with donor cells. To assess the engraftment of the chimeras, PBMCs were isolated 6 wk after transplant from the chimeric mice and were assessed for their GFP positivity. PBMCs from WT into Rela +/− mice were on average 98% GFP -ve , whereas PBMCs from Rela +/− into WT mice were on average 97% GFP +ve . subcutaneous injection of tnF-α 6-8-wk-old mice were shaved in the back area and injected with 1.5 µg of mouse TNF-α (PeproTech) in 75 µl of 0.9% normal saline or with 75 µl of 0.9% normal saline alone; 24 h after injection, skin from the injection area was harvested and fixed in 4% paraformaldehyde then embedded in paraffin. Tissue blocks were cut into 4-µm sections that were stained with hematoxylin and eosin. Images were acquired with a Leica DM LB2 microscope at a magnification of X400 and a Leica DFC 280 camera.
assessment of nF-κB regulated genes in mice
Mice spleens were harvested immediately after mice were euthanized. Splenocytes were isolated by grinding moistened spleen sections between the ends of frosted microscope slides. The resultant cell suspensions were filtered through a 70-µm cell strainer (Thermo Fisher Scientific) and then counted, plated in equal numbers for all mice, and stimulated with 20 ng/ml mouse TNF for 24 h. mRNA was extracted using RNeasy Mini kit and was reverse-transcribed with the iScript cDNA synthesis kit (Bio-Rad Laboratories). The expression of the mediators Il6 (Mm00446190_m1), Tnfaip3 (Mm00437121_m1), and Traf1 (Mm00493827_m1) was measured using qPCR in a TaqMan Gene Expression Assay. The expression of these genes was analyzed using the 2 -ΔΔCT method in comparison to the housekeeping gene GUSB (Mm01197698_m1). dss colitis 6-8-wk-old mice were introduced to 3% (wt/vol) DSS (molecular weight, 36,000-50,000; MP Biomedicals) in drinking water fed ad libitum for 7 d consecutively. Mice were assessed daily for their weight loss or clinical changes. On day 7 after induction with DSS, mice were switched to normal drinking water and were monitored for the same parameters for 3 d conescutively. A group of Rela +/− mice were administered 10 mg/kg infliximab on d 1, 3, 7, and 9 during the course of the experiment. Animals were then sacrificed by CO 2 overdose and were rapidly dissected. Colons were quickly removed and cleared of feces. Colon length was measured. Small segments of the colon were taken for histopathology and were fixed in 4% paraformaldehyde for 24 h and were then embedded in paraffin and sectioned at 4-µm thickness with a paraffin microtome. The DAI was calculated daily using the following parameters as previously described (Alex et al., 2009 ): (a) weight loss (0 point, none; 1 point, 1-5% weight loss; 2 points, 5-10% weight loss; 3 points, 10-15% weight loss; and 4 points, >15% weight loss); (b) stool consistency (0 points, normal; 2 points, loose stools; and 4 points, watery diarrhea); and (c) bleeding per rectum (0 points, no bleeding; 2 points, slight bleeding; and 4 points, gross bleeding). Bleeding was assessed using the hemoccult routine screening test for fecal occult blood (Beckman Coulter). The DAI was calculated as the total of these scores: the sum of weight loss, stool consistency, and bleeding per rectum, resulting in the total DAI score ranging from 0 (unaffected) to 12 (severe colitis).
statistical analysis
All data are presented as means ± SEM. Statistical comparison between two groups was evaluated using the two-tailed, unpaired Student's t test. When comparing more than two groups one-way ANO VA was used. Statistical analysis was performed using GraphPad Prism software (version 6.0; GraphPad Software). For all experiments, P < 0.05 was considered statistically significant. Table S1 provides the hemogram, inflammatory markers, autoantibodies, and immunologic evaluation for the proband at 5 yr old. Table S2 provides the heterozygous mutations shared among the patients identified by WES. Table S3 characterizes the cellular infiltrate in the skin of WT and Rela +/− mice after s.c. injection of TNF. acknoWledGMents
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